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Background: The deletion of Phe508 in the first nucleotide-binding domain of the CFTR protein is the most common mutation leading to cystic
fibrosis.
Methods: We present a Molecular Dynamics study on the native and mutated domains, based on their recently published crystal structure.
Results: ΔF508 CFTR has much more conformational freedom compared to the wild-type, and exposes its hydrophobic interior to the solution.
Conclusions: The increased flexibility might be the reason for the recognition of mutated CFTR by the housekeeping proteins and its premature
degradation. This, in turn results in reduction of population of functional channels at the epithelial cell surface and disease phenotype.
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Cystic fibrosis is a lethal autosomal recessive genetic
disorder correlated with abnormal Cl− conductance at the
plasma membrane of epithelial cells, resulting in the disruption
of fluid and ion homeostasis. It is caused by defects in the cystic
fibrosis transmembrane conductance regulator (CFTR), which
is also a protein kinase A-regulated chloride ion channel [1–3].
The most common mutation responsible for cystic fibrosis is
the deletion of residue Phe508 (ΔF508) in the first nucleotide-
binding domain (NBD1) [4]. Normally, CFTR is assembled in
the endoplasmatic reticulum, matures in the Golgi apparatus,
and is delivered to the plasma membrane [5]. In the case of
misfolded protein, it is degraded by the endoplasmic reticulum
quality control [6] or by endosome-mediated internalization
mechanisms [7]. The ΔF508 CFTR undergoes premature
degradation much more often then wild-type protein. This
results in a severe reduction in the population of functional
channels at the epithelial cell surface. Also, because of⁎ Corresponding author. Tel.: +48 22 5925762.
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doi:10.1016/j.jcf.2007.11.008regulatory function of CFTR, its lowered abundance leads to
abnormal ionic transport of the cell. Experiments on CFTR
done so far did not explain the great impact that the single point
mutation has on the protein behaviour and further — on the
cell’s life. Structural and biophysical studies on complete
human NBD1 domains failed to demonstrate significant
changes of in vitro stability or folding kinetics in the presence
or absence of the ΔF508 mutation [4]. Crystal structures show
minimal changes in protein conformation (see Fig. 1). Changes
in local surface topography at the site of the mutation, which is
located in the region of NBD1 believed to interact with the first
membrane spanning domain of CFTR, are considered to be the
cause of altered interdomain interactions of the mutant protein
[4]. However, there is another possible reason of abnormal
CFTR trafficking and degradation that is to be investigated,
rather complementary than contrary to the first one. Phenyla-
lanine 508 interacts with surrounding aminoacids, contributing
to the stiffness of entire region (see Fig. 2). Although the
mutant protein retains its structure in the solution, it is possible,
that the mutation slightly destabilizes the NBD1 domain,
allowing it to cover much broader conformational space. As a
result a hydrophobic part of the protein could be exposed,
inducing detection of CFTR as misfolded and thus leading tod by Elsevier B.V. All rights reserved.
Fig. 1. Superposition of NBD1 domains of ΔF508 (1XMJ, red) and wild-type (2BBO, blue) CFTR in CrossEyes stereo cartoon representation. Phe508 selected as
transparent surface and bonds. ATP molecules presented as bonds, Mg2+ ions as spheres (strongly overlapping here). All images prepared in VMD [24] and rendered in
POV-Ray [31].
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is justifiable requires comparative conformational analysis of
CFTR with ΔF508 mutation and wild-type one. Since
structures of the proteins were resolved crystalographically to
a high resolution, they constitute a good input for Molecular
Dynamics simulation studies, which were conducted to explore
the flexibility of both proteins. In this paper it is shown that
native and ΔF508 CFTR exhibit different behaviour. In
particular, the mutant protein exposes more hydrophobic
surface in a time frame allowing its detection by housekeeping
proteins.Fig. 2. Phenylalanine 508 (yellow) and its neighbourhood. Selected short interatomic
green. Distances in Ǻ.2. Methods
Crystalographically resolved structures of NBD1 domains
from human ΔF508 CFTR mutant and CFTR without this
deletion (it will further be called a wild-type protein for the sake
of simplicity) — Protein Data Bank [8] entries 1XMJ and
2BBO [4], respectively — both complexed with ATP, were the
starting points for the study. Both proteins contain the same 7
solubilizing mutations [4], so the only difference between
examined parts of ΔF508 and “wild type” proteins was the
existence of Phe508, which made the search for the influence ofdistances of Phe508 heavy atoms with neighbouring aminoacids (blue) shown in
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regions for which the atomic coordinates have not been resolved
by X-ray diffraction analysis. Coordinates of missing atoms in
partially resolved residues were established by means of
“profix” program from Jackal molecular modelling package
[9] (1XMJ — 27 such atoms, 2BBO — 4 atoms). Next,
unresolved loops missing in these structures were modelled
with “loopy” program from above-mentioned package. This
program generates several thousands of random backbone
conformations of the missing loop, side chains are then
assembled onto the backbone. Resulting loops are energy
minimised. After potential energy evaluation, loops are further
optimized and the best solution is chosen by means of the
colony energy method [10]. In 1XMJ 4 loops built from 44
missing aminoacids in total were added, in 2BBO, respectively,
3 loops and 37 aminoacids. The correctness of the structures
were checked by Procheck program [11], showing no major
aberrations in the geometry of the proteins. The modelled parts
of the proteins played only stabilising function. Proteins were
converted into all-atom representations using OPLS-AA force
field [12], which is known to correctly reproduce liquid state
properties of macromolecules. Consecutive steps, except of the
preparation of ATP topology, were done using Gromacs —
Molecular Dynamics and analysis package [13]. Because at the
time of described studies there were no topology parameters of
ATP for OPLS-AA it was necessary to obtain such a data.
PRODRG [14,15], a program for generating molecular
topologies, have been used for producing ATP topology for
GROMOS87 forcefield in Gromacs format. Information from
this topology was manually combined with data contained in
DNA/RNA records for OPLS force field in GROMACS format
[16] based on existing OPLS and AMBER [17,18] parameters.
The resulting topology was by no means checked or optimized,
but during all simulations ATP remained bound to the protein
and worked as a stabilizing ligand. The proteins wereFig. 3. Superposition of two frames from ΔF508 NBD1 trajectory. The frames shown
different behaviour ofΔF508 and wild-type protein. Yellow spheres indicate position
atoms located on loops in ABCα subdomain shown in green.submerged in TIP4P water equilibrated for 20 ps at 300 K
[19] in rhombic dodecahedral boxes. The walls of the boxes
were not closer from the protein molecule than 20 Å. Ions were
added to the solution to make the system electrically neutral.
The system for wild-type protein consisted of 288 aminoacids
(284 forΔF508), 34,513 water molecules (31,961) out of which
36 were crystallization water molecules (135). Each system
contained 10 sodium ions, one magnesium ion and one ATP
particle. Periodic boundary conditions have been applied in all
the simulations. For relaxing the solute–solvent contacts the
systems underwent energy minimisation (steepest descent) with
restrains on bonds length for 20,000 steps. The restrains were
released and minimization was carried out for further 20,000
steps in order to eliminate residual strains. Next, 40 ps of
Molecular Dynamics equilibration was performed. The integra-
tion of equations of motion in Molecular Dynamics simulations
were done with leap-frog [20] algorithm, default in Gromacs.
The solvent and the solute were (independently) weakly
coupled to a temperature bath of 300 K with relaxation time
0.1 ps by means of Berendsen algorithm [21]. The Berendsen
pressure coupling with coupling time equal to 0.8 ps and
compressibility 4.5⁎10−5 bar−1 was applied. Long-range
electrostatic interactions were computed using Particle Mesh
Ewald (PME) electrostatics [22,23] with cubic interpolation.
The relative strength of the Ewald-shifted direct potential at the
cutoff was 1.0⁎10−5. Cutoff for van der Waals and Coulomb
interactions were set to 9 Å. The maximum grid spacing for the
fast Fourier transform (PME) was set to 1.2 Å. Finally, 20 ns of
Molecular Dynamics were carried out for both proteins
(timestep 1 fs). Every 1000 simulation steps a snapshot of the
system was taken for further analysis. Trajectories obtained
from Molecular Dynamics were analysed considering most
striking differences in the conformational space covered by both
proteins. The Principal Component Analysis (PCA) method,
also called covariance analysis, has been applied for thisgave extreme eigenvalues for the second important eigenvector, which signifies
ofΔF508 mutation. The distances between extreme locations of some backbone
Fig. 5. Changes of the RMSD during the simulation. Whole trajectories were
least-squares fitted to the starting structures using the backbone of the (most
stable) beta-sheet ABCβ subdomain. The RMSD was then calculated for the
whole backbone (not taking the modelled parts into account). Black arrow points
to the simulation step visualized at Fig. 4 (frame 17738 of the simulation).
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molecules. Principal components that most significantly
distinguish ΔF508 protein from the wild-type were further
analysed with Visual Molecular Dynamics [25], WHATIF [26]
and own programs. The PCA was also useful in assessing the
efficiency of the conformational space sampling [27]. The
subspace overlap of the first 8 eigenvectors of covariance
matrices obtained for the halves of the trajectories of each
simulation was calculated. For the above-mentioned calcula-
tions, backbone atoms of each protein, the same for wild-type
and ΔF508, were selected for covariance matrices analysis.
Namely, the common part of the backbone of crystalographi-
cally resolved regions of both proteins was taken (the modelled
parts were neglected). Also, using the same method the whole
trajectories of simulated proteins were compared. The trajec-
tories were also subject of solvent accessible surface analysis.
For every frame the surface area was calculated for every
residue. Mean values and standard deviations were obtained by
means of a fast online algorithm [28,29]. Both PCA and
accessible surface analysis made it possible to determine
hydrophobic patches exposed on the mutant protein, which
might be responsible for recognition of ΔF508 CFTR as
misfolded and leading to premature degradation.
3. Results
Calculation of the extreme projections along a trajectory for
first few eigenvectors coming from covariance analysis
simplified the task of finding the most bent or stretched
conformations of the proteins (Fig. 3). The average solvent
accessible surface of investigated part of proteins was
11,983 Å2 for ΔF508 and 11,434 Å2 for wild-type protein,
while the average solvent accessible surface of hydrophobicFig. 4. An example of ΔF508 NBD1 hydrophobic surfaces exposed during simulatio
residue between wild-type and ΔF508 NBD1 during whole simulation.residues were 2651 Å2 and 2611 Å2, and the values for frames
of the highest degree of accessibility of hydrophobic residues
are 3087 Å2 and 3001 Å2, respectively. The majority of the
surface changes on ΔF508 protein takes its origins from the
increase of conformational freedom gained by a linker between
subdomains ABCα and ABCβ of NBD1 domain— aminoacids
from 492 to 499, which disassociates from the body of the
protein. The linker in the mutant protein remains for about 25%
of the simulation time in the conformation not occurring during
the whole simulation of wild-type protein. The surface of both
subdomains of mutant protein becomes more variable then in
wild-type case. Lack of stabilizing influence, which the Phe508
residue imposes on the linker, mainly on Met498 and Trp496n. The colour of aminoacid shows average solvent accessibility differences per
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the subdomains are allowed to bend (Fig. 3) more significantly
than in the wild-type protein. The enhanced bending abilities
and dissociation of the linker from the protein results in
exposition of hydrophobic surfaces (Fig. 4). The increased
flexibility of the ΔF508 protein is reflected also in higher
deviations from the crystal structure conformation during the
simulation (Fig. 5). As several cavities appear on the surface of
the protein near the linker, it seems to be reasonable to
hypothesise, that this place might be responsible for the
recognition of the ΔF508 mutant by housekeeping proteins.
4. Discussion
The parts of the proteins that mostly differ in both simulated
NBD1 types are residues 492–499 (linker between subdomains
ABCα and ABCβ) and their surroundings. The above-
mentioned linker of the mutant protein remained in the
conformation different from what we can see in the wild-type
for about 25% of the simulation time. There are, however, facts
that make attempts of quantitative interpretation of the results
futile. The normalized subspace overlap of covariance matrices
built for the half of trajectory of the wild-type protein was
0.429, for ΔF508 protein — 0.501. Since overlap of value 1
indicates, that the sampled subspaces are identical, and value 0
— that they are orthogonal, the results suggest that it would be
advantageous to carry out much longer molecular dynamics
simulations or to use more efficient sampling method in order to
more thoroughly capture the flexible nature of the proteins
studied [27,30]. The subspace overlap of whole trajectories of
wild-type and ΔF508 proteins was 0.46, which is a proof of
significant similarity of the behaviour of both proteins. The
necessity of more extensive sampling was also confirmed by
RMSDmeasurements (Fig. 5). Thus, the results obtained should
be treated as carrying qualitative, not quantitative, information
as the latter would be significantly affected by statistical error.
Also, the behaviour (time dependent conformation) of the
proteins in cellular environment is certainly influenced by
interactions with other macromolecules not taken into account
in the presented simulations. Even non-specific crowding
effects can play a major role here [32,33]. Despite of this,
even in a relatively short simulation, it was possible to see at the
first glance on the trajectories that NBD1 gains more
conformational freedom due to the ΔF508 mutation. The
ΔF508 mutant protein, although stable in the solution in terms
of secondary structure, exhibits excessive motion between
subdomains. This results in exposition of hydrophobic surfaces,
by which the protein can be recognized as misfolded and thus
undergoes premature proteolysis. Simulations performed in this
work, although time-limited, allowed the exploration of the
dynamic properties of two CFTR forms. Detection of
conformational space and buried protein area changes helps in
understanding the recognition of mutated CFTR as misfolded
and suggests possible ways of interfering into this process. This
approach is a basis for the development of small molecules, like
peptidomimetics, that can either stabilise the protein not
allowing for certain surface exposition, or preventing thehousekeeping proteins from recognition of the already exposed
surface. This in turn may lead to discoveries of new selective
drugs [34].
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